The severe acute respiratory syndrome coronavirus (SARS-CoV) 7a protein, which is not expressed by other known coronaviruses, can induce apoptosis in various cell lines. In this study, we show that the overexpression of Bcl-X L , a prosurvival member of the Bcl-2 family, blocks 7a-induced apoptosis, suggesting that the mechanism for apoptosis induction by 7a is at the level of or upstream from the Bcl-2 family. Coimmunoprecipitation experiments showed that 7a interacts with Bcl-X L and other prosurvival proteins (Bcl-2, Bcl-w, Mcl-1, and A1) but not with the proapoptotic proteins (Bax, Bak, Bad, and Bid). A good correlation between the abilities of 7a deletion mutants to induce apoptosis and to interact with Bcl-X L was observed, suggesting that 7a triggers apoptosis by interfering directly with the prosurvival function of Bcl-X L . Interestingly, amino acids 224 and 225 within the C-terminal transmembrane domain of Bcl-X L are essential for the interaction with the 7a protein, although the BH3 domain of Bcl-X L also contributes to this interaction. In addition, fractionation experiments showed that 7a colocalized with Bcl-X L at the endoplasmic reticulum as well as the mitochondria, suggesting that they may form complexes in different membranous compartments.
Many virus genomes encode gene products that can modulate apoptosis, also called programmed cell death, and the regulation of apoptosis in the infected host is an important determinant in the struggle between virus and host for survival. In the case of the severe acute respiratory syndrome coronavirus (SARS-CoV), one of the most common abnormalities in infected patients is lymphopenia, which is caused by the depletion of T lymphocytes by apoptosis (4, 5, 22) . In addition, apoptosis was observed in various infected tissues, such as lung, liver, and thyroid, obtained during autopsy studies on SARS casualties (3, 32) . Interestingly, necrosis, another form of cell death, was also observed in different tissues obtained from SARS-CoV-infected patients (6, 9, 17) . Taken together, these observations suggest that the modulation of cell death during SARS-CoV infection is important for viral replication and/or pathogenesis.
The family of Bcl-2-related proteins constitutes one of the biologically important gene products in the process of apoptosis. Several members of this family are prosurvival, as their overexpression inhibits apoptosis induced by many different stimuli, while other members are proapoptotic, as their overexpression promotes apoptosis (2, 34) . Besides playing important roles in regulating apoptosis and maintaining homeostasis in healthy cells, members of the Bcl-2 family are also implicated in viral infections. Indeed, some viruses encode proteins that are functional homologues of members of the Bcl-2 family or are capable of interacting with members of the Bcl-2 family (8, 12, 23, 33) . Interestingly, it was recently demonstrated that the prosurvival Bcl-2 protein inhibits the caspase-dependent apoptosis induced by SARS-CoV infection without affecting viral replication kinetics (1) . In addition, it has been shown that the SARS-CoV envelope protein induces apoptosis in Jurkat T cells in the absence of growth factors and that this event could be inhibited by the overexpression of Bcl-X L , another prosurvival member of the Bcl-2 family (37) .
The SARS-CoV 7a protein, which shows no significant sequence homology to viral proteins of other known coronaviruses, can induce caspase-dependent apoptosis in cell lines derived from different organs, including the lung, kidney, and liver (16, 28) . In this study, we show that the overexpression of Bcl-X L blocks the induction of apoptosis by 7a, suggesting that 7a may be acting at the level of or upstream from the Bcl-2 family. A detailed analysis of the properties of 7a with respect to its ability to interact with different members of the Bcl-2 family and its cellular localization suggests that 7a induces apoptosis by interfering directly with the function of the prosurvival proteins like Bcl-X L , Bcl-w, Mcl-1, and A1. by sequencing performed by the core facilities at the Institute of Molecular and Cell Biology, Singapore. All primers used in this study were purchased from Research Biolabs, Singapore.
Generation of stable cell lines. The Bcl-X L open reading frame (ORF) was cloned into the pCep4 vector (Invitrogen, Carlsbad, CA) and transfected into 293T cells by electroporation as previously described (30) . Cells stably expressing Bcl-X L were obtained after selection in 0.2 mg/ml of hygromycin B (Roche Molecular Biochemicals, Indianapolis, IN). Control cells were stably transfected with an empty vector.
Transient transfections, CaspACE fluorometric assay, and Western blot analysis. Transient transfections of 293T and Vero E6 cells were performed using Lipofectamine reagent (Invitrogen), according to the manufacturer's protocol. Approximately 16 h after transfection, the activation of caspase-3 was quantified by using a CaspACE fluorometric assay system from Promega Corporation (Madison, WI) as previously described (15, 28) .
Western blot analysis was performed as previously described (31) , and anti-calreticulin and anti-alpha-COP I rabbit polyclonal [Affinity BioReagents, CO] antibodies) were purchased, while an anti-7a monoclonal antibody was generated for this study. Briefly, a bacterially expressed glutathione S-transferase (GST)-7a fusion protein was used to immunize BALB/c mice as previously described (10) . The spleen was excised from a mouse that showed strong antibody response, and hybridoma fusion was performed to generate anti-7a monoclonal antibodies as previously described (20) . All procedures involving the use of laboratory animals were performed by trained personnel in accordance with the regulations and guidelines of the National Advisory Committee for Laboratory Animal Research (NACLAR), Singapore. The other antibodies against SARS-CoV proteins (anti-N and anti-3a mouse polyclonal antibodies) have been described previously (11, 31) .
Coimmunoprecipitation experiments. For the coimmunoprecipitation experiments, each 6-cm dish of cells was resuspended in 200 l of immunoprecipitation (IP) buffer (50 mM Tris [pH 8], 150 mM NaCl, 0.5% NP-40, 0.5% deoxycholic acid, 0.005% sodium dodecyl sulfate [SDS], and 1 mM phenylmethylsulfonyl fluoride) and subjected to freeze-thawing six times. One hundred microliters of the lysates was diluted with 50 l of IP buffer, 5 l of rabbit anti-myc polyclonal antibody (Santa Cruz Biotechnology) was added, and the mixture was subjected to end-over-end mixing at room temperature for 1 h. Protein A-agarose beads (Roche) were then added, and the mixing was continued for at least 4 h at 4°C. Beads were washed four times with cold IP buffer, and then 15 l of Laemmli's SDS buffer was added and the samples were boiled at 100°C for 5 min to release the immunocomplexes. Samples were separated by SDS-polyacrylamide gel electrophoresis and subjected to Western blot analysis.
Coimmunoprecipitation experiments with SARS-CoV-infected cells were performed in a similar manner. Infection of Vero E6 cells with an isolate of SARS-CoV (strain HKU 39849) was carried out in a physical-containment level 4 laboratory as previously described (14) . Lysates obtained from SARS-CoVinfected Vero E6 cells were subjected to Western blot analysis, to determine the expression levels of different viral proteins, or to IP with either rabbit anti-Bcl-X L polyclonal antibody (Santa Cruz Biotechnology) or an irrelevant antibody (anti-BID rabbit polyclonal antibody; Santa Cruz Biotechnology) and protein A-agarose beads. Western blot analyses were then performed to detect the amounts of 7a or Bcl-X L in the immunocomplexes captured on the protein A-agarose beads.
Fractionation experiments. Intact mitochondria were isolated from 293T cells expressing 7a by using a mitochondrial isolation kit for cultured cells from Pierce (Rockford, IL). The reagent-based method was used according to the manufacturer's protocol, and this method gave two fractions. The first fraction contained nonmitochondrial proteins, while the second fraction contained only mitochondrial proteins. Both fractions were made up to equal volumes (500 l, ϳ8 ϫ 10 6 cells) and subjected to Western blot analysis as described above. The same protocol was used to fractionate SARS-CoV-infected Vero E6 cells that were harvested at 0, 16, or 24 h postinfection.
Indirect immunofluorescence experiments. Vero E6 cells were transfected with cDNA for expressing 7a as described above. After 16 h, the cells were incubated with 50 nM of MitroTracker red (Molecular Probes, Inc., Eugene, OR) for 15 min at 37°C. Then, the cells were processed for antibody staining as previously described (31) .
RESULTS

Overexpression of Bcl-X L inhibits the induction of apoptosis by the SARS-CoV 7a protein.
In order to determine if the SARS-CoV 7a protein acts upstream or downstream of the Bcl-2 family to induce apoptosis, 293T cells stably expressing Bcl-X L were generated. As shown in Fig. 1A , there is high expression of Bcl-X L in the chosen stable clone (293T-Bcl-X L ) in comparison to the endogenous Bcl-X L level in the vector control cells (293T-Vec). These stable cell lines were then transiently transfected with cDNA to express HA-BAX (positive control) or 7a, and the induction of apoptosis was determined as previously described (28) . The expression of HA-BAX and 7a caused apoptosis in 293T-Vec cells ( Fig. 1B , columns 1 to 4) as determined by a fluorometric assay for measuring caspase-3 activation. However, in the 293T-Bcl-X L cells, the expression of HA-BAX and 7a did not induce significant levels of apoptosis ( Fig. 1B , columns 5 to 8). Thus, the overexpression of Bcl-X L inhibited the 7a-induced apoptosis, suggesting that the regulation of cellular apoptosis by 7a occurs at or upstream of the Bcl-2 family in the apoptotic pathway.
Previously, we constructed a 7a cDNA expression plasmid (MG-7a), with six additional base pairs (ATGGGA) which code for two additional amino acids (methionine and glycine) before the ATG codon of the 7a ORF, in order to achieve a Kozak consensus ribosome binding site for efficient translation initiation (10) . Here, a new 7a cDNA expression plasmid without the Kozak sequence was constructed. As shown in Fig. 1C , the cleavage of the signal peptide of the 7a protein is more efficient than that of the protein expressed using the old cDNA expression plasmid (compare lanes 3 and 4 or lanes 7 and 8). However, there is no difference in the degree of apoptosis induced by the transfection of either construct, which is consistent with our previous finding that the cleavage of the signal peptide of 7a is not important for the induction of apoptosis (28) . The 7a construct without the Kozak sequence was used for the subsequent studies.
SARS-CoV 7a interacts with Bcl-X L but not with proapoptotic members of the Bcl-2 family. To further understand how the SARS-CoV 7a protein modulates the function of the Bcl-2 family of proteins, we performed coimmunoprecipitation experiments to determine if 7a can interact with members of this family of proteins. As shown in Fig. 2A (top panel), 7a was specifically coimmunoprecipitated by myc-Bcl-X L (lane 2) but not by the negative control, myc-GST (lane 1), or the proapoptotic proteins (myc-BAD, myc-BID, myc-BAX, or myc-BAK) tested (lanes 3 to 6). These results indicate that 7a may induce apoptosis by interfering with the prosurvival function of Bcl-X L .
As 293T cells do not support SARS-CoV replication, we determined the temporal expression of 7a in infected Vero E6, an African green monkey kidney cell line. The expression of 7a and other SARS-CoV proteins (3a, M, and N) was detected in cells harvested at 16 h and 24 h postinfection ( Fig. 2B ). Coimmunoprecipitation experiments were then performed using lysates obtained at 24 h postinfection. As shown in Fig. 2C, 7a was coimmunoprecipitated by an anti-Bcl-X L antibody and not by an anti-BID antibody, suggesting that the 7a and endogenous Bcl-X L proteins formed complexes during SARS-CoV which is a hallmark of apoptosis, in cells that were transfected with vector only, a classical apoptosis inducer (HA-BAX), 7a with two additional amino acids at its N terminus (MG-7a) or full-length 7a. The cells used were 293T-Vec or 293T-Bcl-X L . All experiments were performed in duplicate, and the average values with standard deviations are plotted. (C) A corresponding Western blot analysis was performed to determine the expression levels of 7a, HA-BAX, and Bcl-X L , using anti-7a, anti-HA, and anti-Bcl-X L antibodies, respectively. The amounts of total cell lysates loaded were verified by measuring the levels of endogenous actin (anti-actin). Molecular mass markers are shown on the left.
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infection. This experiment was performed three times, and the data presented in Fig. 2C are a representative set. The transmembrane domain of the SARS-CoV 7a protein is important for its interaction with Bcl-X L and for the induction of apoptosis. Next, we constructed a series of 7a mutants and compared their abilities to induce apoptosis. The C-terminal portion of the 7a protein contains a transmembrane domain (98 to 116 amino acids [aa]) and a short cytoplasmic tail (117 to 122 aa) (10) . While the transmembrane domain is important for the insertion of 7a into intracellular membranes, the cytoplasmic tail contains an endoplasmic reticulum (ER) retrieval motif that mediates the transport of 7a between the Golgi and the ER. As demonstrated by the activation of caspase 3 (Fig.  3A) , the 7a(1-116 aa) deletion mutant (columns 3 and 8) induced as much apoptosis as the full-length 7a, indicating that the cytoplasmic tail of 7a is not essential for apoptosis induction. However, the 7a(1-97aa) and 7a⌬98-116aa deletion mutants (columns 4, 5, 9, and 10) did not induce significant levels of apoptosis in either 293T or Vero E6 cells, implying that the transmembrane domain of 7a is essential for apoptosis induction (Fig. 3A) . The same mutants were tested in coimmunoprecipitation experiments for their abilities to bind Bcl-X L . The results showed that the 7a(1-116aa) mutant (Fig. 3B, lane  3) , but not the 7a(1-97aa) and 7a⌬98-116aa mutants (Fig. 3B , lanes 5 and 7, respectively), could bind Bcl-X L , indicating that the transmembrane domain of 7a is also important for its interaction with Bcl-X L .
In this experiment, we observed that the 7a protein has a higher-molecular-mass form that migrates much more slowly than the monomeric 7a protein (Fig. 3B , top panel, lane 1). In order to determine the nature of this higher-molecular-mass form of 7a, a new deletion mutant that lacks the last 4 aa of the transmembrane domain [7a(1-112aa)] was constructed and analyzed together with full-length 7a and the 7a(1-97aa) mutant. The Western blot analysis was performed using two sets of lysates; one set contained 24 g of total protein (Fig. 4 , lanes 1 to 3), so that the dimeric and/or oligomeric forms of 7a are more clearly illustrated, while the second set contained 6 g of total protein, so that the migrations of the 7a proteins are clearer ( Fig. 4 , lanes 4 to 6). As shown in Fig. 4 (lanes 1 and 2) , higher-molecular-mass forms of full-length 7a and the 7a(1-112aa) mutant are detected, suggesting that they could be dimers and/or oligomers which are resistant to boiling, 20 mM dithiothreitol, and 1% SDS (which are found in the Laemmli SDS loading buffer). For example, the full-length 7a protein that migrated at ϳ25 kDa (Fig. 4 , lane 1) would match the size of the dimeric form of 7a, since the monomeric form of 7a is predicted to be 12.5 kDa. Nevertheless, the majority of the full-length 7a protein migrated at ϳ12.5 kDa (Fig. 4, lanes 1  and 4) , suggesting that a greater portion of full-length 7a exists as monomers. While the 7a(1-112aa) deletion mutant showed a more pronounced tendency to form oligomers (Fig. 4, lane  2) , the 7a(1-97aa) deletion mutant, which lacks the transmembrane domain, showed little tendency to form dimers or oligomers ( Fig. 4, lanes 3 and 6) . Overall, these results suggested that the higher-molecular-mass forms of 7a arose from the transient unfolding of the transmembrane helix, which resulted in unfavorable exposure of hydrophobic residues and self-aggregation of 7a. The deletion of the last 4 amino acids of the transmembrane helix [i.e., the 7a(1-112aa) mutant] led to further destabilization of the helix, and hence, more aggregation is observed.
Amino acids 224 and 225 within the C-terminal transmembrane domain of Bcl-X L are essential for interacting with the SARS-CoV 7a protein. In order to determine which domain(s) in Bcl-X L is involved in the interaction with 7a, coimmunopre- cipitation experiments were performed to examine several well-characterized mutants of Bcl-X L for their abilities to interact with 7a. The results showed that the N-terminally deleted mutant, Bcl-X L (84-233aa), retained the ability to bind 7a (Fig. 5A, lane 3) , suggesting that the BH4 domain of Bcl-X L is not required for the interaction with 7a. In addition, three substitution mutants were examined, and in each of these mutants, a critical residue in one of the BH1 to BH3 domains was substituted. As deduced from an analysis of the three-dimensional structure of Bcl-X L , these residues are involved in hydrophobic interactions with the BH3 domains of death agonists but are not involved in intramolecular interactions (21) . As shown in Fig. 5A , Bcl-X L (Y101K), in which a critical tyrosine residue in the BH3 domain was replaced, showed much-reduced binding to 7a (lane 4). However, Bcl-X L (L130A) and Bcl-X L (Y195G), where critical residues in the BH1 and BH2 domains, respectively, were mutated, bound 7a efficiently (Fig.  5A, lanes 5 and 6) . Lastly, the C-terminally deleted mutant, Bcl-X L (1-210aa) , which lacks the transmembrane at the C terminus, did not bind 7a significantly (Fig. 5A, lane 7) . Hence, it appears that the transmembrane domain of Bcl-X L is essential for interacting with 7a, while its BH3 domain enhances the strength of the interaction. Next, a series of C-terminally deleted mutants of Bcl-X L was constructed to further delineate the essential residues for interaction with 7a. As shown in Fig. 5B , the transmembrane domain of Bcl-X L (aa 213 to 228) is important for the interaction between 7a and Bcl-X L , as 7a bound to Bcl-X L (1-228aa) (lane 3) but not to Bcl-X L (1-213aa) (lane 9). Further analysis showed that Bcl-X L (1-223aa) did not interact significantly with 7a (Fig. 5B, lane 6) . However, Bcl-X L (1-224aa) interacted weakly and Bcl-X L (1-225aa) interacted as strongly as full-length Bcl-X L (Fig. 5B, lanes 4 and 5) . Thus, the results Western blot analyses were performed to determine the expression levels of 7a (anti-7a) and endogenous actin (anti-actin) in each sample. (B) 293T cells were transfected with cDNA constructs expressing fulllength 7a or 7a deletion mutants [7a(1-116aa), 7a(1-97aa), and 7a⌬98-116aa] and myc-tagged full-length Bcl-X L (myc-Bcl-X L ) or myc-tagged GST (negative control; myc-GST). Coimmunoprecipitation experiments were performed as described in the legend for Fig.  2A , and the amounts of 7a that coimmunoprecipitated with the myctagged proteins (IP: anti-myc) were determined by using an anti-7a mouse monoclonal antibody (WB: anti-7a; top). Ig, immunoglobulin. The amounts of 7a (WB: anti-7a) and myc-tagged (WB: anti-myc) proteins in the lysates before IP were determined by subjecting aliquots of the lysates to Western blot analysis (middle and bottom). The protein marked with an asterisk represents the oligomeric form of 7a. Molecular mass markers are shown on the left.
FIG. 4. Comparison of the extent of protein aggregation of SARS-
CoV 7a full-length protein and deletion mutants. 293T cells were transfected with cDNA constructs expressing full-length 7a or 7a deletion mutants [7a(1-112aa) and 7a(1-97aa)]. Lanes 1 to 3 were loaded with larger amounts of lysates, so that the dimeric and/or oligomeric forms of 7a are more clearly illustrated, while lanes 4 to 6 were loaded with smaller amounts (a quarter of the amounts of the corresponding samples in lanes 1 to 3) so that the migrations of the 7a proteins are clearer. Western blot analyses were performed to detect 7a (anti-7a). The proteins marked with asterisks represent dimeric or oligomeric forms of 7a. Equal amounts of the cell lysates were loaded, as verified by the level of endogenous tubulin (anti-tubulin). Molecular mass markers are shown on the left.
show that aa 224 and 225 of Bcl-X L are essential for the interaction between Bcl-X L and 7a ( Fig. 5B and C) . Interestingly, aa 225 to 227 of Bcl-X L were previously shown to be important for its interaction with the proapoptotic Bax protein (13) . Although 7a and Bax bind to similar regions within the C-terminal transmembrane domain of Bcl-X L, the exact binding mechanisms appear to be different, because Bcl-X L (1-224aa) could bind 7a but not Bax (Fig. 5C) (13) .
7a is partially localized in the mitochondria. Previously, 7a was found predominantly in the ER-Golgi intermediate compartments (10) . Here, 293T cells expressing 7a were fractionated into two fractions in order to determine if 7a can translocate to the mitochondria (Fig. 6A) . One of the fractions contained the mitochondria (fraction 2), while the other contained all other cellular compartments (fraction 1). Western blot analyses showed that 7a was found in both fractions (Fig. 6A, first panel) whereas a mitochondrion-resident protein, the E2 subunit of PDH, was only found in fraction 2 (second panel). Endogenous Bcl-X L protein, which has been reported to localize mainly at the ER and mitochondria, was also detected in both fractions (Fig. 6, third panel) . On the other hand, nonmitochondrial proteins, like Bad, actin, calreticulin, and alpha COP I, were found only in fraction 1 (fourth to seventh panels). Similar results were obtained when Vero E6 cells were used instead (data not shown). (1-228aa) , myc-Bcl-X L (1-225aa), myc-Bcl-X L (1-224aa), myc-Bcl-X L (1-223aa), myc-Bcl-X L (1-222aa), myc-Bcl-X L (1-216aa), and myc-Bcl-X L (1-213aa)]. IP experiments were performed as described in the legend for Fig. 2A , and the amounts of 7a that coimmunoprecipitated with the myc-tagged proteins (IP: anti-myc) were determined by using an anti-7a mouse monoclonal antibody (WB: anti-7a). The proteins marked with asterisks represent oligomeric forms of 7a. The amounts of 7a (WB: anti-7a) and myc-tagged (WB: anti-myc) proteins in the lysates before IP were determined by subjecting aliquots of the lysates to Western blot analysis (middle and bottom). Ig, immunoglobulin. Molecular mass markers are shown on the left. (C) A schematic diagram showing the construction of Bcl-X L deletion mutants and a summary of their abilities to bind 7a. ϩϩ, strong interaction; ϩ, weak interaction; Ϫ, no interaction. LLG corresponds to aa 225 to 227 of Bel-X L .
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Immunofluorescence experiments were not performed on 293T cells because of their poor morphology. Instead, the experiments were performed on 7a-expressing Vero E6 cells to determine if 7a can be found in the mitochondria. Consistent with the results of the fractionation experiments, the results with MitroTracker red dye showed that 7a partially localized in the mitochondria (Fig. 6B ). Hence, these results show that 7a is found in the mitochondria as well as the ER-Golgi intermediate compartments.
The fractionation experiment was repeated using SARS-CoV-infected Vero E6 cells harvested at 0, 16, and 24 h postinfection. As shown in Fig. 7 , a portion of the 7a protein is found in the mitochondria in cells harvested at 16 h and 24 h postinfection (fraction 2, lanes 4 and 6). Consistent with the results obtained from cells transfected with a 7a-expression cDNA construct (Fig. 6 ), a portion of the 7a protein is also found in the nonmitochondrial fraction (fraction 1, lanes 3 and 5). The monoclonal antibodies against the E2 subunit of PDH could not recognize the protein in Vero E6 cells (derived from African green monkey) probably due to species differences (data not shown). However, endogenous calreticulin (ER), actin (cytoskeleton), and alpha-COP 1 (Golgi/vesicles) proteins are not found in the mitochondrial fraction, indicating that the fractionation has successfully removed all nonmitochondrial proteins from fraction 2. It is interesting to note that the highermolecular-mass forms of 7a, which were detected in cells transfected with a 7a-expressing cDNA construct (Fig. 4) , are also detected in infected cells.
The SARS-CoV 7a protein also interacts with other prosurvival members of the Bcl-2 family. As most of the prosurvival members of the Bcl-2 family contain conserved BH1 to BH4 domains, as well as a transmembrane domain near their C termini (Fig. 8A) , and have similar apoptosis regulatory functions (2, 34) , coimmunoprecipitation experiments were also performed to examine the interaction of 7a with other prosur-FIG. 6. Cellular distribution of the SARS-CoV 7a protein, expressed in mammalian cells through the transfection of a 7a-expression cDNA construct, as determined by fractionation and indirect immunofluorescence experiments. (A) 293T cells expressing 7a were fractionated into two fractions, one that contained mitochondria (fraction 2) and another that contained all other cellular compartments (fraction 1). Western blot analyses were performed to determine the amounts of 7a and cellular proteins in these two fractions. Molecular mass markers are shown on the left. (B) Vero E6 cells expressing 7a were probed with anti-7a monoclonal antibody and a fluorescein isothiocyanate-conjugated anti-mouse secondary antibody or Mito-Tracker red dye which labeled the mitochondria of the cell. In the merged image, the fraction of 7a protein localized in the mitochondria is indicated by the yellow staining. 
DISCUSSION
The SARS-CoV genome encodes eight putative accessory proteins (i.e., ORFs 3a, 3b, 6, 7a, 7b, 8a, 8b, and 9b) which have no homologues in other known coronaviruses. Although most of these viral proteins were expressed during SARS-CoV infection in vitro and in vivo (29) , they appeared to be dispensable for viral replication in cell culture and the mouse model (38) . Nevertheless, the expression of some of these accessory proteins has been shown to affect the physiological state of the cell, suggesting that they may be important for virus-host interactions and thus contribute to viral stability and/or pathogenesis in vivo (29) . Previously, we showed that the overexpression of the SARS-CoV 7a accessory protein induces apoptosis in a caspase-3-dependent manner (28) . Here, we show that the induction of apoptosis by 7a can be blocked by the overexpression of the Bcl-X L protein (Fig. 1) , which is a prosurvival member of the Bcl-2 family, suggesting that 7a is acting at or upstream of the Bcl-2 family.
Using coimmmunoprecipitation experiments, we further demonstrated that 7a can interact with Bcl-X L in SARS-CoVinfected cells (Fig. 2) . Mutagenesis experiments showed that the transmembrane domain of 7a is essential for both apoptosis induction and interaction with Bcl-X L (Fig. 3 ), suggesting that 7a induces apoptosis via its interaction with Bcl-X L . Our results also showed that 7a interacts predominantly with aa 224 and 225 within the C-terminal transmembrane domain of Bcl-X L (Fig. 5) . However, the BH3 domain of Bcl-X L also contributes to this interaction, because the replacement of a critical residue within this domain (Y1013K) reduces the strength of the interaction significantly ( Fig. 5 ). As the transmembrane domain of Bcl-X L is important for its interaction with Bax (13) and association with intracellular membranes . Coimmunoprecipitation experiments were performed as described in the legend for Fig. 2A , and the amounts of 7a that coimmunoprecipitated with the myc-tagged proteins (IP: anti-myc) were determined by using an anti-7a mouse monoclonal antibody (WB: anti-7a). Ig, immunoglobulin. The amounts of 7a (WB: anti-7a) and myc-tagged (WB: anti-myc) proteins in the lysates before IP were determined by subjecting aliquots of the lysates to Western blot analysis (middle and bottom panels). Molecular mass markers are shown on the left.
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INTERACTION BETWEEN SARS-CoV 7a PROTEIN AND Bcl-X L 6353 (25) , the binding of 7a to Bcl-X L during SARS-CoV infection may interfere with the prosurvival function of Bcl-X L . Like Bcl-X L , 7a can be found in the mitochondria as well as the ER (Fig. 6 and 7) ; hence it is possible that complexes of 7a and Bcl-X L are found in different membranous compartments. The efficient cleavage of the signal peptide of 7a (presumably by ER signal peptidases) suggests that newly synthesized 7a translocates first to the ER. Subsequently, the mature 7a protein is transported to the ER-Golgi intermediate compartments (10) as well as the mitochondria (Fig. 6 and 7) . Future studies are needed to understand how the distribution of 7a is regulated during infection and the function of 7a in the different membranous compartments. Interestingly, 7a does not interact with the proapoptotic members of the Bcl-2 family, but it interacts with several other prosurvival members of the Bcl-2 family, namely, Bcl-2, Bcl-w, A1, and Mcl-1 ( Fig. 2 and 8 ). Despite the sequence variation between these prosurvival members of the Bcl-2 family, 7a still has the ability to form complexes with these proteins in vitro. Unlike the other prosurvival proteins, the A1 protein does not have a transmembrane domain at its C terminus ( Fig. 8 ), which suggests that it is likely to interact with 7a by a mechanism that is different from that of Bcl-X L or indirectly through another prosurvival protein. Therefore, further studies are needed to determine if these interactions occur simultaneously and how they are modulated during different stages of the SARS-CoV infection.
The occurrence of caspase-dependent apoptosis in SARS-CoV-infected cells is well documented (1, 24, 36) . Similar to our observations on the SARS-CoV 7a protein, Yang and coworkers also showed that the induction of apoptosis by the SARS-CoV envelope protein can be inhibited by the overexpression of Bcl-X L (37) . As it has been reported that inhibition of apoptosis does not affect SARS-CoV replication in Vero cells (1), the induction of apoptosis by SARS-CoV proteins could be more important for virus-induced pathogenesis. The observation of apoptosis (and necrosis) in various infected tissues obtained during autopsy studies on SARS casualties also suggested that induction of apoptosis could be important for viral pathogenesis. Although the 7a protein is not essential for SARS-CoV replication in cell culture and young mice (38) , it is still unclear if 7a contributes to viral pathogenesis in other animal models, such as aged BALB/c mice, hamsters, ferrets, and nonhuman primates. Unlike young mice, these animals showed some histopathologic damage upon SARS-CoV infection (26) . Even then, such studies may still not give the full picture, as the severe disease seen in SARS-CoV-infected humans is not completely reproduced in any of the currently available animal models (26) . Yount and coworkers (38) also reported that a mutant virus without the 7a/7b gene still induced extensive cytopathic effects in the Vero cell line, suggesting that 7a is not a dominant contributor to virus-induced cell death, at least in this cell culture system. However, there is currently no data on the effects of 7a-induced apoptosis in the mouse or other animal models.
Besides the 7a and envelope proteins, numerous other SARS-CoV proteins have also been shown to induce apoptosis. They are the 3C-like protease (19) ; the major structural proteins, spike, nucleocapsid, and membrane (7, 27, 40) ; and two more accessory proteins, ORFs 3a and 3b (18, 35, 39) . The mechanisms for induction of apoptosis by these viral proteins and their relative contributions to SARS-CoV-induced apoptosis have not been investigated in detail. For these viral proteins, it has also not yet been determined if the apoptosis can be inhibited by prosurvival members of the Bcl-2 family. In addition, the SARS-CoV 3b protein induces both necrosis and apoptosis in Vero E6 cells (15) . It is interesting to note that some of these viral proteins (envelope, nucleocapsid, and membrane) induce apoptosis only in the absence of growth factors, while others (3C-like protease, spike, and ORFs 3a, 3b, and 7a) induce apoptosis under normal growth conditions. This may imply that the induction of apoptosis by these different proteins occurs at different stages of the infection cycle. In future studies, it will be crucial to determine the interplay between these SARS-CoV proteins and the manner in which they modulate cell death during the virus life cycle.
